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INTRODUCTION
Spider silk is a fascinating natural fiber with outstanding mechanical properties, tissue compatibility-, and is considered to be perfectly suitable for biomedicines, biomaterials, textiles and military equipments. [1] [2] [3] Among various silks, the dragline silk is the bestcharacterized one, and its remarkable mechanical properties, including high toughness, tensile strength and elasticity, exceed those of most other natural and synthetic materials such as synthetic rubber, Kevlar or high-tensile steel. [4] [5] [6] [7] Dragline silk is composed of two main silk proteins, both of which are characterized by highly repetitive motifs consisting of distinct, single-oligopeptide sequence blocks and with a high content of alanine, glycine or proline. Generally, the amino acid composition and the number of blocks are responsible for the performance of the silk. [8] Therefore, the properties of spider silk can be directly modified by altering the primary structure of the silk protein via redesigning the corresponding silk gene's sequence. [9] During the past several years, progress has been made in the genetic engineering of the spider-silk proteins and its expression hosts. Silk proteins with various molecular weights were yielded by multimerization of the repetitive monomer sequences of natural genes. [10] [11] [12] [13] A series of synthetic dragline silk-like genes that incorporated codons for methionine flanking the polyalanine regions present in the consensus sequence of spider dragline silk protein, were constructed, cloned and expressed, and the solubility of spider silk was increased up to some extent. [14, 15] Enzymatic phosphorylation has been also employed to control the solution structure of a silk protein. In the experiment, the β-sheet-forming domain of the recombinant silk protein has been modified by incorporating a phosphorylation site (Arg-Gly-Tyr-Ser-Leu-Gly) for cyclic AMP-dependent protein kinase (cAPK). In the phosphorylated state, the newly added phosphate groups could impair the formation of the β-sheets thereby improving protein solubility [15] [16] [17] [18] .
Incorporation of amino acids and chemical modification of silk protein amino acid with side chains containing thiols, amino, or carboxyl groups, [19, 20] like lysine or cysteine, is supposed to be feasible, since this allows side-specific functionalization of the silk proteins. [3, 21] Although a lot of research has been performed on recombinant spider silk proteins but some problems still remain unresolved. The spider silk proteins consist largely of glycine, alanine and highly repetitive sequences, which hinder their high expression in fastgrowing microorganisms such as yeast or bacteria. This phenomenon is more apparent when the big size spider silk protein has been expressed. [22] One disadvantage that low concentration of larger silk proteins in an aqueous system also turns to be a limitation in the process of spinning. [2] Meanwhile, the mechanical properties of the fibers derived from smaller silk protein have been found to be declined. [23] It is supposed that the modification of silk protein amino acids with side chains could be used to produce functional silk proteins. [3, 21] Therefore, biosynthesis of small molecular silk proteins with improved mechanicals is a perspective way to solve these problems. Grip et al.
introduced AA to substitute for CC in the poly-Ala block of an Euprosthenops australis MaSp1 fragment, which increased the stiffness and tensile strength (about 40%) without changes in ability to form fibers, or in fiber morphology. [24, 25] Meanwhile, replacement of Cys with a Ser in the nonrepetitive C-terminal domain did not interfere with dimerization, fiber morphology or tensile strength. However, the poly-Ala blocks are thought to form β-sheets in the silk fibers adjacent Cys side-chains will point in opposite directions, which was assumed to maximize the chances of forming intermolecular disulfides, and the β-sheets played an important part in the mechanical properties.
In this study, three mutant proteins were obtained, based on the sequence of the wild type protein 11R26, which was from the dragline silk protein of N. clavipes. [26] The four proteins were all expressed in E. coli BL21(DE3), purified and spun into fibers. Finally, the mechanical properties of the fibers were tested to analyze the potential effects of special amino acids on the function of the silk proteins.
MATERIALS AND METHODS

Plasmids and Stains
T4 DNA ligase, restriction enzymes, β-isopropylthiogalactoside (IPTG), DNA molecular weight standards, agarose for electrophoresis, the cloning vector pMD18-T and expression plasmid pET30a were purchased from TaKaRa Biotechnology (Dalian) Co.,
Ltd. E. coli strains JM109 and BL21 (DE3) were purchased from Beijing Transgen Biotechnology Co., Ltd.
Gene and Mutagenesis
The protein sequence of 11R26 contains three repeats of the consensus amino acid sequence (SGRGGLGGQGAGAAAAAGGAGQGGYGGLGSQG) from N. clavipes dragline silk protein [25] . Three 11R26 protein derivatives, ZF4, ZF5 and ZF6 were obtained by site-directed mutagenesis, based on the amino acid sequence of 11R26, and their repetitive motifs. The gene sequence were analyzed by online software (http://www.genscript.com/cgi-bin/tools/rare_codon_analysis) and optimized to the preferred codon usage of E. coli (http://www.jcat.de/). The optimized genes (Sequence1-Sequence4) were synthesized by Generay Company with plasmid pET30a as the vector.
Protein Expression and Purification
E. coli BL21(DE3) cells transformed with the respective expression vectors were
inoculated into 5 ml of Kan/LB medium (37 o C, 180 rpm). The 5 ml of overnight culture was then inoculated to 100 ml of fresh medium, which was used as the seed of 2 L/5 L fermentation Kan/LB medium. Fed batch fermentation process was optimized mainly by feeding glucose and LB medium. The feedstocks added were glucose, glucose/LB medium and LB medium corresponding to an OD 600 of ~10-80, ~80-120 and over 120, respectively. The cultures were induced by adding IPTG at an OD 600 of 100. Cell pellets were harvested at OD 600 of 150, resuspended in lysis buffer (100 mM NaH 2 PO 4 , 10 mM
Tris-HCl (pH 7.5), 10 mM Imidazole, 6 M Urea), and lysed by ultrasonic disintegration (130 kHz, 1 h) on ice, using an HD/UW2200/KE76 ultrasonicator (Bandelin, Berlin, Germany).
Cell homogenate was centrifuged at 30, 000 g for 1 h. The supernatant was filtered through 0.22 μm membrane (Millipore) and loaded onto a 5 ml Ni-NTA spin column (Ni Sepharose TM 6 Fast Flow, 2 ml/min, GE Healthcare). The column was first equilibrated with 15 ml of binding buffer (100 mM NaH 2 PO 4 , 10 mM Tris-HCl, 10 mM Imidazole, 6
M Urea), and the concentrated proteins were loaded onto the column before the column was washed twice with 15 ml of washing buffer (100 mM NaH 2 PO 4 , 10 mM Tris-HCl, 20 mM Imidazole, 6 M Urea) to remove non-specific proteins. His-tagged recombinant protein was eluted with 15 ml of elution buffer (100 mM NaH 2 PO 4 , 10 mM Tris-HCl, 250 mM Imidazole, 6 M Urea). Finally, the concentration of the eluted protein was determined using the Bradford protein assay (Bio-Rad, USA). An aliquot of the purified 6×His-tagged protein (about 10 μL) was analysed by SDS-PAGE.
Electrospinning and Electron Microscope
The purified 11R26 protein was dialyzed with ddH 2 O, freeze-dried and dissolved in HFIP at three different concentrations of 50 mg/mL, 80 mg/mL and 100 mg/mL at 50 o C for 12
h to obtain a homogeneous solution, which was loaded into a 1 mL syringe and electrospun into nanofibers. Other proteins were electrospun as described above. Mechanical properties of the nanofibers were precisely measured using an atomic force microscope (harmoniX mode). Elastic modulus and force curves of hardness were analyzed with the software HARMONIX.
Characterization of Mechanical Properties
Determination of Disulfide Bonds
The numbers of disulfide bonds in wild type protein 11R26 and mutant ZF4 were determined by a spectrophotometric method. Firstly, the protein concentration was adjusted to 10 mg/mL, and then 1 mL of the protein solution was diluted to 20 ml with Table 1 . In ZF4, cysteine was substituted for serine to increase the disulfide bonds in-and inter-the spider silk proteins. In ZF5, serine was converted into isoleucine to increase the content of the branched-chain amino acids in the protein. And in ZF6, serine was replaced with arginine to increase the hydrogen bond in-and inter-the proteins.
RESULTS
Design of Amino Acid Sequences
The four protein sequences were reverse transcribed into nucleotides, adapted to E. coli's codon usage. The gene segments were synthesized directly and inserted into the expression vector pET30a in-framely, to yield plasmids expressing 6 × His-tagged recombinant proteins.
Optimization of Fermentation Process and Protein Purification
As the spider silk proteins consist largely of glycine, alanine and highly repetitive sequences, the yield of recombinant proteins is always hindered in fast-growing microorganisms, especially for the big-size proteins. [1, 26] To achieve high cell yields and thereby improve the production of protein 11R26 along with its three derivatives, the fed batch fermentation process was optimized. It was found that, a higher OD 600 of fermentation has been achieved mainly by adding different feedstocks at different stage.
The feedstocks added were glucose, glucose/LB medium and LB medium corresponding to an OD 600 of ~10-80, ~80-120 and over 120, respectively. The cultures were induced at an OD 600 of 100 by adding 0.5 μM IPTG and subsequently harvested at an OD 600 of 150.
The recombinant proteins were purified to be electrophoretic homogeneity by Ni affinity chromatography. SDS-PAGE analysis showed that the four purified proteins (11R26, ZF4, ZF5 and ZF6), had molecular mass of 18.0 kDa (Supplemental Fig. 1 ), and their concentration is approximately 1.5 g/L, determined by a nanovue spectrophotometer (USA), using bovine serum albumin as standard.
Electrospinning and Electron Microscope
To determine the proper protein concentration for electrospinning, the wild type 11R26 protein was tested. 11R26 protein cannot be electrospun into nanofibers at the concentration of 50 mg/mL ( Fig. 2A) , while inhomogeneous nanofibers were formed at the concentration of 80 mg/mL. When the protein concentration reached 100 mg/mL, homogeneous nanofibers were obtained (Fig. 2C) . Therefore, all the mutants were electrospun at the optimal concentration of 100 mg/mL. Scanning electron microscopy revealed that the diameters of the four nanofibers were about 1~2 μm (Supplemental Fig. S1 ), and no difference was evident among them, so their mechanical performance could be comparable in the following experiments.
Characterizations of Mechanical Properties
Hardness and elastic modulus are the main properties in the nanofibers' mechanical testing. In the hardness testing, ZF4 has a value 3.2 as high as that of 11R26, while ZF5/ZF6 showed slight changes compared to 11R26 (Fig. 3) .
The elastic modulus of ZF4 was mainly above 0.8 GPa, and the maximum was about 2.312 GPa while the average was 1.347 GPa (Fig. 4B) . As for the wild type 11R26, the respective values were 0.6 GPa, 1.385 GPa and 0.421 GPa (Fig. 4A) . The average elastic modulus of ZF4 was also 3.2 times as high as that of 11R26. The other mutants were found similar to the control (Fig. 4) . These results indicated that the hardness and elasticity of ZF4 nanofibers were better than those of the others, which might be caused by the larger numbers of disulfide bonds formed by cysteines.
Measurement of Disulfide Bonds
To verify the speculation, the numbers of disulfide bonds in ZF4 and 11R26 were determined by spectrophotometry method. Free thiols can react with DTNB and NTSB, and the product NTB can be detected at the absorbance of 412 nm. By detecting the free and total thiols before and after Na 2 SO 3 treatment, the number of disulfide bonds of the ZF4 was determined to be 24.35 μmol/g with an increase of 3.67 times, compared with 11R26 with the number of 5.21 μmol/g. Our results suggest that the disulfide bonds might enhance the mechanical performance of the spider silk proteins.
DISCUSSION
In this study, the spider silk protein 11R26 and its three derivatives were expressed in the fast-growing host E. coli BL21(DE3), and the various conditions for fermentation process were optimized. The recombinant proteins were purified and spun into fibers, and the mechanical characteristics of the fibers were tested.
The special sequence features of spider silk proteins limit their production of high molecular weight protein in fast-growing microorganisms. [2, 27] Size of a recombinant dragline silk protein is thought to be a key factor in controlling the mechanical properties of the fiber produced. Numerous studies have been focused on increasing the yield of the high molecular weight spider silk proteins, including genetic modification of the host. In previous studies, the dragline spider silk gene sequence has been designed, synthesized and expressed in E. coli with the production of 20 mg/L protein. [28] The gene of spider silk MaSp2 protein has been expressed in E. coli with the production of 10 mg/g wet weight of the cell (about 100 mg/L) [29] whereas the co-expression of MaSp1 and MaSp2 protein reached to 300 mg/L. [30] Genetically modified E. coli was used to express about 0.5 g/L native-sized dragline silk protein [22] . In this study, the fermentation process was optimized to produce the small-sized spider silk protein in the common E. coli BL21(DE3) and approximately 1.5 g/L protein was produced, which was two-folds higher than the previously reported. The application of genetically modified host might further improve the production titer of the protein.
The purified recombinant proteins had been electrospun into nanofibers, and the mechanical properties were tested, which showed that the hardness of the mutant ZF4 was 2.2 fold higher compared with that of wild type 11R26, whereas slight change was Gpa. [31] In this study, we obtained the elastic modulus of the mutants ZF4 and ZF5 (three copies) to be 1.347 and 0.953 Gpa respectively, higher than the elastic modulus of most natural silk proteins. But the elastic modulus of the recombinant protein was lower than the natural spider silk from A.
diadematus, because the expressed recombination protein with a molecular weight of 18.0 kDa was much lower than the natural one (250~300 kDa), the difference of electrospun conditions and diameter of the fiber maybe another reason. [32, 33] However, heterogenous expressions of repetitive sequences of large size proteins possess the difficulty of genetic instability and size heterogeneity of their products, both of which hindered the expression of high molecular weight protein at high level. [30] Meanwhile, small molecular weight proteins do not possess these problems, but their mechanical properties are much lower. In this study, we made a single amino acid modification to the spider silk protein at serine site (table 1) of the wild type protein to gain small size protein (18.0 kDa), and these recombinant proteins with improved mechanical properties were proved to be correctly expressed in fast-growing host E. coli BL21(DE3), which would be helpful to resolve the problem of producing high mechanical properties spider silk proteins in E. coli with high yield.
CONCLUSIONS
In summary, it was found that the mechanical performance of spider silk proteins with small molecular size can be enhanced efficiently by modification of the amino acids residues, which is outside the poly-Ala region in the repetitive sequences. Our study has provided the basis to produce small proteins in fast-growing host efficiently with higher yield, and their hydrophilic property is more suitable for spinning process, compared to those of the proteins with larger size. Our research has paved the way for future largescale production of spider silk proteins, and also provided valuable information for protein rational design. 11R26 was the wild type spider silk protein, the underline and bold serine (S) was chosen as the mutant sites; in ZF4, the repetitive amino acid sequence was mutated to cysteine (C) from serine (S), in ZF5, isoleucine (I) from serine (S); in ZF6, arginine (R) from serine (S). 
FIGURE 2
Electrospinning and scanning of spider silk with different concentrations.
The purified protein was dialyzed with ddH 2 O, freeze-drying and dissolved in HFIP at the concentrations of 50 mg/mL, 80 mg/mL and 100 mg/mL at 50 o C for 12 h and then injected in a 1 mL syringe and manufactured by electrospinning. A: 50 mg/mL; B: 80 mg/mL; C: 100 mg/mL.
FIGURE 3
Force curves of four kinds of silk (hardness test).A: 11R26, the maxmium response value was 10 nN; B: ZF4, the maxmium response value was 32 nN; C: ZF5, the maxmium response value was 11 nN; D: ZF6, the maxmium response value was 13 nN. 
